Abstract Gap junction channels composed of connexins connect cells, allowing intercellular communication. Their cellular assembly involves a unique quality-control pathway. Some connexins [including connexin43 (Cx43) and Cx46] oligomerize in the trans-Golgi network following export of stabilized monomers from the endoplasmic reticulum (ER). In contrast, other connexins (e.g., Cx32) oligomerize early in the secretory pathway. Amino acids near the cytoplasmic aspect of the third transmembrane domain have previously been shown to determine this difference in assembly sites. Here, we characterized the oligomerization of two connexins expressed prominently in the vasculature, Cx37 and Cx40, using constructs containing a C-terminal dilysine-based ER retention/retrieval signal (HKKSL) or treatment with brefeldin A to block ER vesicle trafficking. Both methods led to intracellular retention of connexins, since the cells lacked gap junction plaques. Retention of Cx40 in the ER prevented it from oligomerizing, comparable to Cx43. By contrast, ER-retained Cx37 was partially oligomerized. Replacement of two amino acids near the third transmembrane domain of Cx43 (L152 and R153) with the corresponding amino acids from Cx37 (M152 and G153) resulted in early oligomerization in the ER. Thus, residues that allow Cx37 to oligomerize early in the secretory pathway could restrict its interactions with coexpressed Cx40 or Cx43 by favoring homomeric oligomerization, providing a structural basis for cells to produce gap junction channels with different connexin composition.
Introduction
Cell-cell contact sites known as ''gap junctions'' facilitate intercellular communication by enabling the direct transfer of small metabolites and ions between adjacent cells. Gap junctions consist of arrays of channels formed by proteins in the connexin (Cx) family (Beyer and Berthoud 2009) . A complete gap junction channel is formed by two hexameric hemichannels, one in each cell, that are transported to the plasma membrane, where they dock to form a complete intercellular channel (Laird 2006) and then assemble into semicrystaline arrays known as ''gap junction plaques'' (Johnson et al. 1974 (Johnson et al. , 2012 .
Oligomerization of connexin hemichannels is regulated by a unique quality-control pathway, which is still being elucidated (Koval 2006; Laird 2010) . Different connexins show substantial differences in oligomerization. One connexin, Cx43, is stabilized in the endoplasmic reticulum (ER) by a chaperone protein, ERp29, that enables it to be transported as a monomer through the secretory pathway to the trans-Golgi apparatus, where it oligomerizes into hexameric hemichannels (Das et al. 2009; Musil and Goodenough 1993) . In contrast, Cx32 does not interact with ERp29 and oligomerizes in the ER (Das et al. 2009 ). The quality control of Cx43 depends upon the amino acids flanking the third transmembrane (TM3) domain. Specifically, substituting tryptophan for arginine at amino acid position 153 in the cytosolic aspect of TM3 destabilizes monomeric Cx43 and causes its early oligomerization in the ER (Maza et al. 2003 (Maza et al. , 2005 . Moreover, two dominant Cx43 mutations adjacent to R153 (T154A and T154N) are associated with oculodentodigital dysplasia (ODDD), underscoring the importance of this motif in the proper function of Cx43 (Paznekas et al. 2009 ).
Analysis of the cytoplasmic aspect of TM3 in the members of the connexin family reveals conserved motifs among subgroups of connexins that may determine cellular sites of oligomerization (Fig. 1) . These connexin motifs fall into three subcategories: R-type, such as Cx43; W-type, including Cx32; and a third group that does not have clear homology with either the R-or W-type connexins (Table 1) . Based on previous analysis of Cx43 and Cx32 (Maza et al. 2005) , connexins in the R group are predicted to be highly stabilized as monomers in the ER, whereas connexins in the W group would oligomerize early within the secretory pathway. However, it is difficult to predict a priori whether connexins containing a cytoplasmic membrane interface region of TM3 that does not conform to either the R or the W motif would behave more like Cx43 or Cx32 in the ER.
We sought to determine the oligomerization properties of two connexins, Cx37 and Cx40, that do not contain either an R or a W motif. Cx37 and Cx40 are among the four major connexins expressed throughout the vasculature (Cx37, Cx40, Cx43 and Cx45) (Johnstone et al. 2009; Brisset et al. 2009 ). Connexin expression in the major cell types of blood vessels, endothelial cells and smooth muscle cells, is heterogeneous. Moreover, connexin composition of different classes of vascular gap junctions varies depending upon the vascular bed examined (Severs et al. 2001) . For example, myoendothelial junctions of mesentery and cremaster microvessels both contain abundant Cx40 and low levels of Cx45 but differ dramatically in Cx37 and Cx43 content (Isakson et al. 2008; Heberlein et al. 2009 ). Thus, endothelial cells differentially process and sort connexins between myoendothelial junctions and endothelial-endothelial cell junctions. Since Cx37, Cx40 and Cx45 are all compatible to form mixed (heteromeric) connexons with Cx43 (Beyer et al. 2001) , the ability to alter myoendothelial connexin content requires that endothelial cells regulate oligomerization.
Since Cx37 and Cx40 have TM3 interface regions that do not fit well into either the R or W subcategories (Table 1 ) (Figueroa et al. 2004 ), we could not predict how their oligomerization would be regulated. In the current study, we assessed the oligomerization state of Cx37 and Cx40 in the ER and found that they differed in monomer stability and in the subcellular compartments where oligomerization occurs. These connexin-specific differences likely affect connexin targeting and hetero-oligomerization.
Methods

Antibodies and Reagents
Polyclonal rabbit anti-Cx37 antibodies were generated against a maltose binding protein-Cx37 fusion protein Fig. 1 Localization of the Cx26 ditryptophan (WW) motif to the cytoplasmic membrane-aqueous interface based on the structural model. A tube-style structural model of Cx26 including side chains (Maeda et al. 2009 ) was produced using the Molecular Modeling Database (Wang et al. 2007; Chen et al. 2003) . The WW motif at amino acids 133-134 (red oval) is highlighted in yellow. Disulfide bonds in the EL domains are highlighted in orange. a View from the cytosolic aspect of a Cx26 hemichannel looking up through the aqueous pore (*). b Side view of a Cx26 hemichannel in a membrane bilayer. Positions of the membrane-aqueous interfaces are denoted by arrowheads. Note that the WW motif is located at the membrane interface of the cytoplasmic leaflet containing amino acids 80-333 of human Cx37. Anti-PDIA1 (PDI), -GM130 and -Cx43 antibodies were from Sigma (St. Louis, MO). Anti-Cx40 antibodies and monoclonal anti-Cx43 antibody were obtained from Chemicon (Temecula, CA). Fluorescent and horseradish peroxidase (HRP)-conjugated secondary antibodies were from Jackson ImmunoResearch (West Grove, PA). Triton X-100 was from Roche Molecular Biochemicals (Indianapolis, IN). Unless otherwise specified, all other reagents were from Sigma.
Generation of Connexin Constructs
Wild-type and HKKSL-containing Cx37 and Cx40 constructs were generated by PCR using human Cx37 in pSFFV-neo (Reed et al. 1993) or human Cx40 in pBScript (Kanter et al. 1994) as templates, the corresponding primers (Supplementary Table 1 ) and LA Taq DNA polymerase (Takara Mirus Bio, Madison, WI) or Phusion DNA polymerase (New England BioLabs, Ipswitch, MA). Primers were designed to incorporate HindIII and BamHI restriction sites flanking the coding region. In the case of the HKKSL-containing constructs, primers were designed to incorporate the ER-retention signal HKKSL appended to the carboxyl terminus of the connexin. PCR products were subcloned in pGEM-T Easy (Promega, Madison, WI) or pCR4Blunt-TOPO vector (Life Technologies, Grand Island, NY); then, the BamHI-HindIII inserts from these plasmids were subcloned into the corresponding sites of pcDNA3.1/Hygro (?) (Invitrogen) .
To obtain the HKKSL-containing Cx43 mutants, primers facing opposite directions and spanning the DNA region encoding the mutated amino acids were designed to amplify the sequence of the full construct (Cx43-HKKSL including the vector sequence) according to the strategy used previously (Minogue et al. 2005) ; the plasmid was regenerated by religation of the PCR product. Cx43R153G and Cx43L152MR153G without the ER-retention signal were obtained by PCR using the HKKSL-containing constructs as templates and the primers listed in Supplementary Table 1 ; PCR products were subcloned in pCR-Blunt II-TOPO vector. The BamHI-XhoI inserts of all Cx43 mutants were subcloned into the BamHI-XhoI sites of pcDNA3.1/Hygro (?) vector.
The coding region of all constructs was fully sequenced at the Cancer Research Center DNA Sequencing Facility of the University of Chicago to ensure that PCR amplification did not introduce additional unwanted mutations.
Cell Culture
HeLa cells transfected with connexin constructs were prepared as previously described (Daugherty et al. 2007; Maza et al. 2003) and cultured in minimum essential medium containing Earle's salts, L-glutamine, 10 % heat-inactivated bovine calf serum, 100 IU/ml penicillin, 100 lg/ml streptomycin and 0.5 mg/ml Geneticin (Invitrogen) or 132 lg/ml hygromycin (EMD Millipore, Billerica, MA).
Immunofluorescence
For immunofluorescence, cells cultured on glass coverslips were fixed and permeabilized with methanol/acetone (1:1), then washed three times with PBS, followed by PBS ? 0.5 % Triton X-100 and PBS ? 0.5 % Triton X-100 ? 2 % goat serum (PBS/GS). Cells were incubated with primary antibodies diluted into PBS/GS for 1 h, rinsed and then labeled with secondary antibodies diluted into PBS/GS. Cells were then rinsed with PBS, and coverslips were mounted on microscope slides with MOWIOL (Polysciences, Warren, PA). Images of the fluorescence signal were obtained using an Olympus (Tokyo, Japan) IX-70 microscope system with a Hamamatsu (Shizuoka, Japan) Orca-1 CCD camera and Image-Pro image analysis software (Media Cybernetics, Silver Spring, MD). Sucrose Gradient Fractionation Postnuclear homogenates were prepared with a ball-bearing homogenizer and centrifugation as previously described (Koval et al. 1995 (Koval et al. , 1997 Das Sarma et al. 2002) . Postnuclear homogenates were solubilized in 1 % Triton X-100 for 30 min at 4°C as described (Maza et al. 2005) . Samples were then centrifuged at 100,0009g for 30 min, and the resulting Triton X-100-soluble fraction was overlaid onto a 5-18 % sucrose gradient on a 25 % sucrose cushion. Gradients were centrifuged at 148,0009g for 16 h at 4°C in a Sorvall Ultra Pro 80 centrifuge (Thermo Scientific, Asheville, NC) using an AH-650 swinging bucket rotor. Following centrifugation, 0.2-ml fractions were collected from the bottom of the gradient at 4°C. Samples were added to 29 sample buffer containing 50 mM DTT, resolved by SDS-PAGE, transferred to Immobilon P membranes and blotted. Specific signals corresponding to a given protein were detected by immunoblot using enhanced chemiluminescence (ECL) reagent (GE Healthcare, Piscataway, NJ) and quantified with a BioRad Image Lab system (Hercules, CA). The extent of oligomerization was calculated as the percentage of the total area under the curve from the sucrose gradient curves corresponding to the hexamer peak. Statistical significance was assessed by Student's t test.
Blue Native Gel Electrophoresis
Nondenaturing, blue native gel electrophoresis was done using a method based on that of Wittig et al. (2006) . Cells were either untreated or treated for 5 h with 6 lg/ml brefeldin A. Cells were homogenized and postnuclear supernatants were diluted into BN Sample Buffer [50 mg/ml Serva G (coomassie blue, G250), 30 % glycerol in ddH 2 O]. Blue native gels consisted of a 4.2 % polyacrylamide stacking gel on a 7.5 % resolving gel in Bis Tris-HCl, pH 7.0. Five microliters of each sample were loaded per lane, and the gels were run using 50 mM Tricine/15 mM Bis Tris (pH 7.0) cathode buffer containing 0.01 % Serva G and 50 mM Bis Tris-HCl on ice. Gels were run at constant voltage (100 V) on ice for 3-6 h until the blue dye migrated approximately two-thirds of the way along the resolving gel. The cathode buffer was replaced with a dyefree cathode buffer and the gel run to completion at 150 V constant voltage for 2 h. Gels were removed and incubated in transfer buffer (50 mM Tris, 380 mM glycine, 0.025 % SDS, 20 % MeOH) for 30 min at room temperature, and proteins were transferred to Immobilon P using a BioRad semidry apparatus. Blots were processed using a standard immunoblot protocol, using appropriate primary antibodies, HRP-conjugated goat anti-rabbit IgG secondary antibodies and ECL for detection. Lanes were scanned and analyzed using Image-Pro software.
Results
To examine the cellular sites of oligomerization of Cx40 and Cx37, we applied an approach previously used to study early events in Cx43 and Cx32 oligomerization by producing connexin constructs tagged with a C-terminal HKKSL ER-retention/retrieval motif, Cx40-HKKSL and Cx37-HKKSL (Das Sarma et al. 2002 Maza et al. 2003 Maza et al. , 2005 . Using transfected HeLa cells, we found that wild-type (untagged) Cx40 was transported to the plasma membrane, where it formed gap junction plaques. However, Cx40-HKKSL was retained in the ER (Fig. 2) . Sucrose gradient fractionation revealed that the sedimentation profile of Cx40-HKKSL was indistinguishable from that of Cx43-HKKSL (Fig. 2) . Thus, Cx40-HKKSL is retained in the ER as stabilized monomers, suggesting that the itinerary of Cx40 oligomerization is comparable to that of Cx43.
We performed a similar analysis of Cx37 and Cx37-HKKSL. As expected, untagged Cx37 was transported to the plasma membrane, while Cx37-HKKSL was retained in the ER (Fig. 3) . To further confirm that Cx37-HKKSL was were fixed and immunostained. Untagged Cx40 was transported to the plasma membrane, where it formed gap junction plaques (arrowhead). By contrast, Cx40-HKKSL was retained in the ER. c HeLa/Cx40-HKKSL cells (squares) or HeLa/Cx43-HKKSL cells (dashed line) were processed and analyzed by sucrose gradient fractionation. Cx40-HKKSL had a similar profile on the gradient as Cx43-HKKSL, indicating that the ER-resident pool was monomeric. Bar 10 lm predominantly localized to the ER, immunofluorescence colocalization was performed using markers for the ER (PDI) and cis-Golgi apparatus (GM130). Cx37-HKKSL predominantly colocalized with PDI, consistent with ER retention (Fig. 4) . There was also some colocalization with GM130; however, this appeared to be a relatively minor intracellular component of Cx37-HKKSL.
In contrast to Cx40-HKKSL and Cx43-HKKSL, the sucrose gradient fractionation profile of Cx37-HKKSL had a more complex pattern. One peak sedimented at the same Fig. 3 ER-retained Cx37 is partially oligomerized. a, c HeLa cells transfected with either Cx37 (a) or Cx37-HKKSL (c) were fixed and immunostained. Untagged Cx37 was transported to the plasma membrane, where it formed gap junction plaques (arrowheads). By contrast, Cx37-HKKSL was retained in the ER. Bar 10 lm. b, d HeLa/Cx37 (b) and HeLa/ Cx37-HKKSL (d) cells were processed and analyzed by sucrose gradient fractionation. About one-third of Cx37-HKKSL migrated as oligomers at a peak centered at 10 % sucrose that comigrated with the predominant peak of untagged Cx37 Fig. 4 Cx37-HKKSL localized to the ER and Golgi apparatus. HeLa cells transfected with Cx37-HKKSL were fixed, permeabilized and then immunolabeled for Cx37 (a, d; red) and an ER marker, protein sulfide isomerase (PDI) (b, green) or a marker for the cis Golgi apparatus (GM130) (e, green). Merged images are shown in (c, f). Most Cx37-HKKSL colocalized with PDI, consistent with ER localization. A small fraction of Cx37-HKKSL colocalized with GM130, suggesting low levels of transport to the cis aspect of the Golgi apparatus. Bar 10 lm percentage of sucrose (10 %) as the predominant peak of untagged Cx37 representing oligomerized Cx37 (Fig. 3) . These results suggest that Cx37-HKKSL retained in the ER was partially oligomerized.
As an independent method to examine the oligomerization state of Cx37 retained in the ER, we examined HeLa cells transfected with untagged Cx37 by blue native gel electrophoresis (Fig. 5) . In control HeLa/Cx37 cells, Cx37 exhibited comparable hexamer and monomer peaks. Importantly, when these cells were treated with brefeldin A for 5 h to inhibit membrane efflux from the ER, Cx37 oligomerization was not affected. In contrast, this treatment significantly inhibited Cx43 oligomerization (Fig. 5) .
The cytoplasmic interface region of TM3 is necessary to stabilize monomeric Cx43 in the ER (Maza et al. 2005) . Since Cx37 has a distinct motif in this region, we examined whether changing the Cx43 LR motif to the MG motif found in Cx37 would affect the extent of Cx43 oligomerization in the ER. As shown in Fig. 6 , this was indeed the case for the two mutant Cx43 constructs, Cx43R153G-HKKSL and Cx43L152MR153G-HKKSL. In fact, the sedimentation profile and amount of ER oligomerized protein were equivalent for Cx43L152MR153G-HKKSL and Cx37-HKKSL. As a control for misfolding induced by these point mutations, we examined the ability of untagged Cx43R153G and Cx43L152MR153G to form gap junction plaques (Fig. 7) . Both of these proteins were transported to the plasma membrane, where they assembled into gap junction plaques, suggesting that the proteins were properly processed. Taken together, these data suggest that the MG motif plays an important role in promoting early oligomerization of Cx37.
Discussion
We found that Cx37, unlike Cx43, has the capacity to oligomerize in the ER. We could mimic this behavior by mutating two key amino acid residues of Cx43 in the cytoplasmic interface region of TM3 to the corresponding amino acids of Cx37. This observation extends previous studies demonstrating that R153 was required to stabilize monomeric Cx43 in the ER (Maza et al. 2005) . In the present study, we consistently observed an increase in ER oligomerization of Cx43 when both L152 and R153 were mutated to MG. Moreover, mutation of only R153 to glycine in Cx43-HKKSL resulted in variable ER oligomerization compared with Cx40 or Cx43. However, the cytoplasmic arginine residue is not an absolute requirement to stabilize connexin monomers in the ER since Cx40-HKKSL was retained as monomers in the ER, despite the presence of an asparagine at the corresponding position in this connexin. Thus, the amino group of the carboxamide in the N151 side chain of Cx40 can substitute for the function of a guanidinium amino group in R153 of Cx43.
By sequence analysis, we defined three classes of motifs in the plasma membrane-cytoplasm interface of TM3. Several connexins have a conserved, positively charged arginine or lysine residue in this region of TM3 (Table 1) , Fig. 5 Cx37 oligomerization is insensitive to brefeldin A. HeLa cells transfected with either Cx37 (a, b) or Cx43 (c, d) were incubated in either the presence (squares) or the absence (circles) of 6 lg/ml brefeldin A (BFA) for 5 h, then harvested and solubilized in 0.1 % Triton X-100. Proteins were resolved by blue native gel electrophoresis and then transferred to Immobilon membranes. Cx37 and Cx43 were visualized by immunoblot. The Cx43 hexamer peak was considerably reduced by BFA treatment (d, arrow). In contrast to Cx43, the electrophoretic migration pattern for native Cx37 was not affected by BFA. Comparable levels of hexamers were detected in the presence and absence of the drug (b, arrow) which we have designated as the R motif. Based on the behavior of Cx43, we anticipate that other R-motif connexins are highly stabilized as monomers in the ER and subsequently oligomerized in the trans-Golgi network (Maza et al. 2005) . Consistent with this hypothesis, Cx46, which contains an R-motif sequence identical to that of Cx43 (LLRTY), oligomerizes in the Golgi apparatus (Koval et al. 1997) . We anticipate that the other R-type connexins will also remain monomeric in the ER, due to the presence of the conserved arginine/lysine residue; however, the stability of connexins containing R-type motifs that are not identical to Cx43 could be influenced by surrounding amino acids as well.
Our results imply that Cx43 domains on both sides of the ER membrane are critical for regulating monomer stability and oligomerization. Stabilization of monomeric Cx43 in the ER requires an interaction of ERp29 (a luminal chaperone) with the second extracellular loop domain of Cx43 (Das et al. 2009 ). Our current and previous results also emphasize the importance of L152 and R153 at the cytoplasmic side of TM3 in regulating oligomerization. These results suggest a sequence of events in which the dissociation of ERp29 from monomeric Cx43 leads to conformational changes involving TM3 that alter the exposure of L152 and R153, which in turn allows oligomerization with other Cx43 monomers.
We anticipate that ERp29 will interact with other connexins as well. Interestingly, development of cataracts in Cx46-deficient mice is sensitive to strain background; cataracts are more severe in lenses of mice that are deficient in ERp29 (129/SvJ) than in lenses of mice with high levels of ERp29 (C57Bl6) (Gong et al. 1999; Hoehenwarter et al. 2008) . This difference may be explained by a role for ERp29 in regulating oligomerization and trafficking of the second connexin (Cx50, which has an LLRTY motif) that is also expressed in lens fiber cells and may partially compensate for the loss of Cx46. Whether other R-type connexins can bind to ERp29 remains to be determined. It is likely that interactions between connexins and ERp29 will be influenced by the identity of amino acids in the extracellular loop domains in addition to those in the membrane interface regions of the TM3 domain.
In contrast with Cx43, Cx32, which has a WW motif instead of the LR motif, oligomerizes in the ER. By analogy, this suggests that other W-type connexins may also oligomerize in the ER. We propose that the presence of a highly charged arginine (rather than a bulky hydrophobic residue) at the TM3-membrane interface in R-type connexins determines their subcellular site of oligomerization by allowing TM3 the conformational flexibility needed to stabilize monomers in the ER membrane and, thus, restrict oligomerization until they reach the transGolgi. Moreover, the lack of a highly charged residue in the ''MG'' motif of Cx37 is likely to have a destabilizing effect since introduction of this motif into Cx43 destabilized it in the ER as well. In addition, the finding that Cx40 and Cx43 remain monomeric in the ER suggests that in order to completely block ER oligomerization, the side chain of the amino acid corresponding to R153 in Cx43 at the TM3-membrane interface may require an amino group (R, K or N) . Distinguishing between these possibilities will require structural models for monomeric Cx43 and further experimentation. Cells expressing multiple connexin genes have the potential to form heteromeric hexamers in addition to homomeric hexamers. Hetero-oligomerization is a regulated process, and connexins must be compatible to interact in order to form a heteromeric hemichannel (Cottrell and Burt 2005; Koval 2006 ). For instance, Cx26 and Cx43 are incompatible to hetero-oligomerize; however, replacing the TM3 domain of Cx26 with amino acids 154-174 from the TM3 domain of Cx43 creates a chimera that can heterooligomerize with both Cx26 and Cx43 (Martinez et al. 2011) . While the dual compatibility for this chimera indicates an important role for TM3 in defining connexin compatibility, it also suggests that other residues contribute to the control of connexin oligomerization. Consistent with this, N-terminal variants of Cx43 (e.g., D12S, K13G) interact with Cx32 (Lagree et al. 2003) . However, these mutations did not support hetero-oligomerization with Cx26, indicating that other, as yet to be determined structural motifs promote an interaction with Cx26 (Gemel et al. 2004 ). However, mechanisms that favor homo-oligomerization are also important. For instance, the C-terminal domain of Cx43 dimerizes as well as interacts with the cytoplasmic loop domain in a pH-dependent manner (Hirst-Jensen et al. 2007) .
Although Cx37, Cx40 and Cx43 can hetero-oligomerize, incorporation of these three connexins into gap junctions in the vascular bed is regulated. Using a coculture model where cells maintained polarity and phenotype, Isakson and Duling (2005) found that Cx37 was specifically excluded from myoendothelial junctions between aortic endothelial cells and vascular smooth muscle cells. Instead, Cx37 was incorporated into junctions interconnecting either two adjacent endothelial cells or two adjacent smooth muscle cells. Immunohistochemical analysis is consistent with this result since there is partial colocalization between Cx37 and Cx40 or Cx43 in situ (Gabriels and Paul 1998; Severs et al. 2001) . Triple heteromers consisting of Cx37, Cx40 and Cx43 have not been biochemically isolated, although there is immunohistochemical evidence showing all three connexins in the same endothelial gap junction plaque (Yeh et al. 1998) . We speculate that differences in subcellular sites of oligomerization between Cx37, Cx40 and Cx43 and in their ability to interact with the connexin quality-control pathway play key roles in determining connexin sorting to different plasma membrane domains. Given that Cx40 and Cx43 oligomerization are comparably regulated, there is likely to be a prevalence of Cx40/Cx43 hetero-oligomers over those containing Cx37. In particular, since different types of microvessels exhibit differences in myoendothelial junction composition (Isakson et al. 2008) , cells require the ability to regulate connexin homo-and hetero-oligomerization. Identifying elements of the connexin quality-control pathway that differentially control connexin oligomerization and trafficking will help to define the cellular mechanisms used to regulate gap junction composition. (c), Cx43R153G-HKKSL (d), Cx43L152MR153G (e) or Cx43L152-MR153G-HKKSL (f) were fixed, permeabilized and then immunolabeled for Cx43. All untagged constructs formed gap junction plaques (arrowheads), indicating that they were properly folded and transported to the plasma membrane (a, c, e). By contrast, the HKKSL-tagged constructs showed ER localization (b, d, f). Bar 10 lm
